ABSTRACT: We report a combined experimental and computational study of the whey protein -lactoglobulin (BLG) in different electrolyte solutions. Vibrational sum-frequency generation (SFG) and ellipsometry were used to investigate the molecular structure of BLG modified air-2 water interfaces as a function of LiCl, NaCl and KCl concentrations. Molecular dynamics (MD) simulations and thermodynamic integration provided details of the ion pairing of protein surface residues with alkali-metal cations. Our results at pH 6.2 indicate that BLG at the air-water interface forms mono-and bilayers preferably at low and high ionic strength, respectively. Results from SFG spectroscopy and ellipsometry are consistent with intimate ion pairing of alkali-metal cations with aspartate and glutamate carboxylates, which is shown to be more effective for smaller cations (Li + and Na + ). MD simulations show not only carboxylate-alkali-metal ion pairs, but also ion multiplets with the alkali-metal ion in a bridging position between two or more carboxylates.
Introduction
Medium effects such as solvation and ion-pairing are instrumental in determining the structure, 1, 2 function and reactivity 3 of proteins and peptides. They therefore play an important role in processes such as protein crystallization, 4,5 purification of pharmaceuticals by foam fractionation 6, 7 or the formulation of protein foams in food products. 8 Counterions interact primarily with charged protein side chains, but also directly with the protein backbone. Pairing of ions with functional groups can affect the interaction of not only protein but also colloidal particles in two main ways:
in a first, rather simplistic view, attractive or repulsive Coulombic interactions between charged particles based on their net charges are considered, ignoring specific interaction between functional groups and ions. In this model, changing the apparent/net charge of the protein, 2 e.g. by (de-)protonation or by complexation with different counterions, affects the intermolecular interactions and is used e.g. to explain effects such as aggregation of proteins at interfaces. It is evident that protein-protein interactions result from local interactions of molecular groups predominantly located on the protein surface or from hydrophobic effects. For this reason, it is of great importance to understand the driving forces and mechanisms of protein-protein interactions on an atomic level.
Despite its importance, the latter information is not available for many systems. We now present a detailed study of such factors for -lactoglobulin (BLG) as a role model for other proteins.
One area in which inter-protein interactions are technically important is that of protein foams.
As hierarchical materials, the macroscopic properties of foams are determined by the structure and intermolecular interaction within the ubiquitous air-water interfaces. 9, 10 Milk foams, which contain significant amounts of BLG, serve as an example.
The isoelectric point (IEP) of a mixture of BLG variants A (BLGA) and B (BLGB) in water, directly at the electrolyte-air interface, has been determined to be approximately 5.1. 9 Previous studies of surface-adsorbed layers of bovine serum albumin (BSA), 10 and BLG 9 near the IEP, concluded that interfacial protein layers are uncharged, which results in attractive intermolecular interactions and the formation of thick agglomerated protein multilayers at the air-water interface.
It has been argued based on a simple electrostatic approach that considers the net charge of the proteins that the interactions between charged protein molecules become repulsive at higher or lower pH values with respect to the IEP, leading to the formation of BLG monolayers and to polar ordered and highly polarized water molecules. 9, 10 However, simple net-charge-based models are not necessarily accurate. For instance, deprotonated polycarboxylate micelles with nominal charges of 100 or larger have been found to attract each other in the presence of sodium counterions more strongly than the neutral species, which can form bridging hydrogen-bonds. 11 Ion and salt effects on the solubility and aggregation properties of proteins have been known since the early work of Hofmeister. 12 Many attempts to rationalize Hofmeister's observations have been reported in the succeeding 126 years, 13, 14 but no single interpretation exists that can explain all known salt effects. [15] [16] [17] [18] However, it has become clear that it is essential to study specific ionbiomolecule interactions, e.g. the pairing of ions from solution with charged and highly polar groups at the biomolecular surface. 15, 16 The surface chemistry of proteins is complex and represents an active field of research because of the importance of protein dimerization in biological signaling and misfolding diseases. 19 Although hydrophobic residues are generally more prevalent than polar ones in dimerization surface patches, the latter are well represented, so that hydrogen bonding and salt bridges are also thought to be important. 20 This combination has been suggested to lead to a compromise between strong dimerization and solubility of the monomeric proteins.
However, much remains unclear about the oligomerization state and surface-adsorption process of proteins. We have therefore now used a combination of experiment and molecular-dynamics (MD) simulations to investigate the aggregation and surface adsorption of BLG in aqueous electrolyte solutions. The combination of experiment and MD simulations has proven extremely powerful as the latter are in some cases the only tool that can help to understand complex macroscopic phenomena on the atomistic level. 21 Furthermore, MD simulations allow direct insight into molecular structures that are sometimes inaccessible to experiment. [21] [22] [23] In order to gain more insight into the behavior of -lactoglobulin in different electrolytes, we have performed extensive molecular-dynamics simulations both at the atomistic and coarse-grained levels. To investigate the influence of sodium and potassium ions on the dimerization of BLG monomers, we also performed a thermodynamic-integration (TI) 24 study that in principle allows relative binding or complexation free energies to be calculated exactly. [25] [26] [27] [28] [29] From a computational point of view, BLG poses a major challenge despite its stable, calyx-like structure: several studies report pHdependent aggregation/oligo-/dimerization processes, and the actual association states remain controversial. [30] [31] [32] Furthermore, it has been shown that BLG can form fibrillar or particulate gels that consist of larger aggregates such as amyloid fibrils or spherulites. [33] [34] [35] Also, it is unclear whether aggregation occurs in the bulk or at the interface. X-ray structural studies have revealed three possible protein-protein interfaces, called "dimer", "lock-and-key" and "loop interface", 36 and pH-dependent transitions in chemical, physical and spectroscopic
properties that occur at around pH 7 (Tanford transitions). 36, 37 These transitions probably correspond to two possible loop conformations (loop EF, residues 85-90, see Figure residues involved in the formation of different dimers as colored sticks (blue: "lock-and-key", green: "dimer", red: "loop interface"), based on PDB structure 3BLG. 36 Residues involved in contacts are: "lock-and-key": Lys8, Tyr20-Ser21, Val41-Glu44, Leu156-Glu158, His161;
"loop": Trp61-Ala67, Asp85-Asn90, Ser110-Gln115; "dimer interface": Ile29-Gln35, Ile147-Phe151. Images were created using Swiss-PDB-Viewer 39 and Pov-Ray.
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Materials, Methods and Computational Details
Sum-Frequency Generation. Vibrational sum-frequency generation (SFG) is a powerful technique that can provide molecular-level information about molecular orientation and composition of electrified interfaces such as the protein-modified interfaces. 1, [41] [42] [43] In our broadband SFG spectrometer, a tunable (2 to 10 µm) femtosecond IR pulse with a bandwidth of > 200 cm 1 is mixed with a picosecond pulse with a wavelength of 800 nm and a bandwidth of < 6 cm 1 . At the interface, a third wave with the sum-frequency of the two impinging light waves is generated which is then transferred to a spectrograph (Andor Shamrock 303i) and an ICCD camera (Andor iStar). All spectra were recorded with s-polarized visible, s-polarized sum frequency, and p-polarized IR-beams. In order to account for changes in pulse energy as a function of IR frequency, all spectra were normalized against the against the non-resonant SFG signal of an air plasma treated polycrystalline Au film. The SFG intensity can be written in the following form
Here the electric susceptibility is split into a non-resonant  (2) contribution and one that is in resonance when the tunable IR pulse excites molecular vibrations at the interface. Since the oscillator strength is an orientational average of the molecular hyperpolarizability, with an angular distribution (Ω), only molecules in non-centrosymmetric environments can contribute to the SFG intensity while the phase of each vibrational mode q is determined by the net orientation of molecules. The latter leads to either constructive or destructive interferences between different vibrational modes or the non-resonant contribution. This can be used to determine molecular orientation or, in the simplest case if the absolute phase of a band is unknown, relative changes in molecule orientations. For air-water interfaces SFG is inherently surface-specific as molecules in the bulk are in a centrosymmetric environment and thus do not contribute to the SFG signal. At the interface, however, the prevailing bulk symmetry is broken and surface-adsorbed proteins and interfacial water molecules become SFG active.
Ellipsometry. The layer thickness of BLG layers was determined with a phase-modulated ellipsometer operating at a wavelength of 632. 56 In the simulations, the positions of the ions were randomized using Amber 12 ptraj 57 before starting the geometry optimizations (i.e., the positions of solvent and ions were swapped randomly). Langevin-dynamics simulations at 298 K and 1 bar were propagated over 600.5 ns for the systems containing Na + and the K + , and over 100.5 ns for the Li + system. Detailed analyses of the ion distributions were performed in the 80.5-100.5 ns interval. More detailed information on the atomistic MD simulations and the analyses performed are provided in the Supporting Information.
Dimer Simulations. In order to investigate the possible influence of alkali-metal ions on the structure and stability of BLG dimers, we constructed three different dimers from the proteinprotein contacts present in the X-ray structure 2BLG 36 (loop EF open), using the crystallographic information in the PDB structure file. These dimers are linked by the "dimer", "loop", and "lockand-key" interfaces, 36 and we will name them accordingly. Views of these dimers and their contact surfaces are shown in Figures S2 and S4-S9 in the Supporting Information. Additionally, a dimer connected by the "loop" interface, based on 3BLG 36 (loop EF closed, Glh89 protonated) was simulated. This dimer is especially sensitive to the carboxylate-counterion-carboxylate bridging found previously for structurally persistent micelles. 11, 58, 59 In the "dimer" and "lock-and-key Thermodynamic Integration. To obtain more robust information about the energetics of BLG dimerization, we calculated relative complexation free energies of sodium and potassium ions for the solvated protein ("bound") and in water alone ("free") according to the thermodynamic cycle shown in Figure 2 . Perturbation free energies for the mutation of K + into Na + were computed using thermodynamic integration (TI) as implemented in Amber 12. 54, 60, 61 Relative complexation free energies of a 100 mM K + and a 100 mM Na + electrolyte were calculated using Equation (3). It is important to note that the system is in a dynamic equilibrium, where only a fraction of the M + ions is coordinated to the protein while the rest is in solution, and not all potential complexation sites on the protein surface are occupied. Applying Equation (3) 
Coarse-Grained MD Simulations. In addition to the atomistic MD simulations in bulk solution,
we performed a test simulation of a system consisting of a BLG monomer in a water slab in vacuum (vapor), which showed that the protein does not move much within the simulation time (71.5 ns) and that no surface adsorption is observed on this time scale. We therefore decided to use a coarsegraining (CG) approach, [62] [63] [64] where on average four atoms are combined to form larger interaction sites. This approach not only reduces particle numbers in the simulation, but also allows larger integration time steps (e.g., 30 fs) due to a smoother potential-energy surface. Thus, microsecond or even millisecond time scales are accessible for relatively large systems. To study the aggregation and surface-adsorption behavior of BLG, we performed three sets of CG simulations.
First, a bulk system with evenly distributed BLG monomers was simulated. Additionally, two surface systems were set up. In one case, the protein monomers were distributed evenly in the aqueous phase in the starting structure, and in the other, they were initially placed near the surface.
Each simulation was equilibrated for 333 ns and data were subsequently collected during 5.1 s simulation.
In all three simulations, aggregates were formed quickly, and no clear surface preference was observed. As they did not lead to new insight into the system, these coarse-grained MD simulations will only be discussed in the Supporting Information.
Results
SFG Spectroscopy and Ellipsometry.
In order to address the influence of LiCl, NaCl and KCl salts on the adsorption of BLG and the interfacial water structure, we have studied different BLG adlayers with SFG and ellipsometry. In order to corroborate the SFG experiments with a complementary method, we have investigated the thickness of BLG adsorption layers with ellipsometry ( Figure 4 ). At salt concentrations < 1 mM, the observed layer thickness of ~ 34  2 Å is similar to the size of a monomer and consistent with previous neutron reflectivity measurements of BLG at air-water interfaces (37  3 Å) , [70] [71] [72] but significantly less than the observed hydrodynamic diameter of (55  4 Å) [70] [71] [72] [73] Table 1 , where the contact numbers calculated for all Asp/Glu carboxylates in the system are reported, which are unaffected by a bi-/multiple coordination of the metal.
The distributions of the cations are shown in Figure 6 and a complete analysis is given in Table   1 . The distribution of Li + , Na + , K + together with Cl  ions is shown in Supporting Information Figure S12 . The mean numbers of contacts and the residence times calculated for Li + , Na + and K compensates the total charge until the total charge of the system (electrically neutral) is reached.
It should, however, be noted that BLG is not a spherical particle.
The residence times of the cations coordinated to carboxylates at 100 mM decrease in the order While the absolute numbers presented in Figure 5 and Table 1 might be improved by performing more extensive sampling, and might also be force-field dependent, we believe that the qualitative trends are reproduced correctly. Figure 5 shows that the three cation types experience quite different affinities to carboxylates, and additionally gives a finer analysis of binding to individual carboxylic moieties, depending on type and local environment of a particular amino acid. This quantitative analysis is subject to sampling errors and that the results should be taken in this light.
The strong overcharging by Li + could in principle lead to a destabilization of the BLG dimer.
However, in the ellipsometry experiments such a dissociation was not observed. This shows that local, specific interactions dominate and need to be analyzed in detail and that net-charge effects alone cannot be used to explain protein aggregation in systems like BLG. In addition to the above analyses, we also calculated the radii of gyration of the monomers in 100 mM LiCl (14.9 Å), NaCl (14.9 Å) and KCl (14.8 Å, Supporting Information Figure S14 ).
These are similar for the three electrolytes and agree well with the thickness of a BLG monolayer at the air-water interface as determined by ellipsometry (~ 34 Å).
Dimer Simulations. In order to identify dimers whose structure is influenced by the presence of NaCl or KCl electrolytes, we simulated the "loop", "dimer" and "lock-and-key interface" structures of the dimers, as outlined in the Computational Details section. Simulations were performed in both 100 mM NaCl and KCl solutions. These dimers were simulated with loop EF (residues 85-90) "open" (corresponding to an approximate pH > 7, structure based on PDB 52, 53 structure 2BLG) 36 and, additionally, the "loop interface dimer" was simulated with loop EF "closed" (approx. pH < 7, based on 3BLG, 36 Glh89 in both monomers protonated, hydrogen bond between atoms O2 of Glh89 and O of Ser116 in both monomers). The root mean square deviation (RMSD), calculated for all C atoms after fitting each structure on the minimized X-ray structure, the radius of gyration, calculated for all atoms, and the distance of the centers of mass of all C atoms in monomers 1 and 2 were used as measures of geometry change in the simulations. These are shown in the Supporting Information Figures S17-S19 and S22-S24 for the "loop interface dimers" and in Figures S28-S30 and S33-S35 for the "dimer" and "lock-and-key" interface dimers.
The dimer structures connected by the "loop interface" are shown in Supporting Information
Figures S15-S16 and S20-S21; the corresponding figures for the structures bridged by the "dimer"
and "lock-and-key" interfaces are shown in Supporting Information Figures S26-S27 and S31-S32.
Visual inspection of the simulated structures and analysis of the C atom RMSD, the radius of gyration and the distance between the centers of mass of all C atoms in monomers 1 and 2
(Supporting Information Figures S26-S35) show that the "dimer" and "lock-and-key" interface structures do not undergo significant geometry change during simulation. Therefore, these simulations were terminated after 61.5 ns and we conclude that these dimers can exist in the experimental system but are not sensitive to exchange of the alkali ions (Na + , K + ) in the electrolyte (i.e. the distribution of carboxylates on the dimerization surfaces is not ideal for the formation of bridging interactions by metal cations for these dimers).
In contrast, dimers connected via the hydrophilic "loop interface" are sensitive to the kind of alkali ions (sodium, potassium) in the solution. Supporting Information Figures S15 and S20 show that sodium cations are significantly enriched in regions that bear carboxylic amino acids (glutamate, aspartate), especially in the interfacial region between the monomers. This observation has been confirmed in the thermodynamic integration calculations (see below). Analyses of the C atom RMSD, the radius of gyration and the distance between the centers of mass of all C atoms in monomers 1 and 2 (Supporting Information Figures S17-S19 and S22-S24) show that both the presence of Na + and K + affects the geometry of the dimer compared to the starting structure (the minimized dimers constructed from the X-ray structure), and that Na + is inserted more frequently between Asp and Glu carboxylate groups than K + and thus disrupts the native interaction between the protein monomers, which is dominated by interactions of lysine ammonium groups (and the Asn63 amide moiety) with aspartate and glutamate carboxylates. In our simulation of the "loop interface" dimer with loop EF closed (based on PDB code 3BLG), we observe that the dimer bridged by carboxylate-sodium-carboxylate interactions is stable throughout the entire simulation time (413.5 ns, see Supporting Information Figure S20 ), while in the simulation with potassium the dimer dissociates after 246 ns and the monomers remain separated for 61 ns. After rotating relative to each other, the monomers form a new contact from 307 ns on, which is stable until the end of the simulation (413.5 ns). This new dimer is connected by lysine-carboxylate interactions between Lys77-Glu158, Lys75-Glu65, Asp11-Lys70, Lys14-Glu55 and Lys8-Glu44 in the two monomers. The latter interaction of Lys8 and Glu44 is typical for the "lock and-key-interface", and we identified the newly formed dimer to be structurally related to the corresponding dimer, but with one of the monomers rotated by approx. 90°. These changes are well reflected in the analyses of the C atom RMSDs, the radii of gyration and the distances between the centers of mass of all C atoms of the monomers (Supporting Information Figures S22-S24 ). We note that with loop EF open (2BLG, 9.5 Å for Na + and 5.7 Å for K + , Supporting Information Figure S17 ) than in the one in which loop EF is closed (3BLG, 9.2 Å for Na + and 7.6 Å for K + , Supporting
Information Figure S22 ). This indicates that, in the case of the simulation with loop EF closed (3BLG), the effects of Na + and K + on the dimer structure during the first 209.5 ns are more similar than in the simulation with loop EF open (2BLG). This is because in the latter case Na + ions can be inserted more easily between the monomers, which are connected more strongly by their open EF loops, than K + ions. The effect that Na + ions are capable of bridging carboxylates more strongly than K + ions has been observed previously. kcal mol 1 for the systems containing as many ions and water as in the monomer and dimer simulations, respectively), than in the "bound" case (ions, water and protein, standard errors 0.05-0.08 and 0.14 kcal mol 1 ). These are acceptable measures of the numerical precision of the simulations, as shown previously. 28 Inspection of the plots of the integrated free energies shows that the systems are sufficiently equilibrated after about 5 ns, with the exception of the monomer simulation with an alternative protonation state (Glh131 protonated instead of Glh74), where a longer equilibration (and hence, extended simulation in general) was required (15.5 ns). Of particular interest are the differences of the "bound" and "free" perturbation free energies, which describe the relative complexation free energies of sodium and potassium ions, in the system with protein and water ("bound") and in water only ("free"), according to Equation 3 and Figure 2 .
These are summarized in Table 2 , which shows that the complexation free energy of Na + is generally more negative than that of K + , as expected. However, these numbers differ for the three cases investigated: A relative complexation free energy of 0.5 kcal mol 1 was found for the monomer in which Glh74 was protonated. In this protonation state, Glh74 is not available to coordinate a metal cation together with Asp53 (which would result in the formation of an ion triplet). It is also positioned unfavorably on the contact surface ("loop interface") on which the ion triplets most often form. If Glu74 is left deprotonated and Glh131 (which is far from the dimerization interface and has been shown not to be involved significantly in the formation of ion triplets for Na + and K + , see Figure 5 ) is protonated instead, the value of G changes to 1.00 kcal mol 1 . This demonstrates the effect of the formation of an ion triplet together with Asp53 nicely.
This common coordination of a metal cation by Glu74 and Asp53 is more pronounced for Na + than for K + (see Figure 5) . A G value of 2.91 kcal mol 1 was found for the dimer system. This much more negative value emphasizes the importance of bridging by sodium compared to potassium in dimer formation. In particular, bridging interactions between the carboxylates of Glu74 and Asp53 in the first monomer and between Asp85 in the first monomer and the backbone carbonyl oxygen and the carboxylate of Glu62 in the second are important (formation of ion triplets and multiplets, see Figure 8 and Supporting Information Figure S51 for an illustration).
Interestingly, Asp85 itself is not found to be strongly coordinated by Na + or K + in the monomer simulations (see Figure 5) . Thus, the presence of a second monomer changes the ion-distribution pattern on the protein surface significantly. Another ion triplet is observed between Asp53 and Glu74 in the second monomer, but this one is not involved in the bridging between the monomers.
The influence of the relative complexation free energies on the dimerization free energy of two BLG monomers can be assessed by subtracting twice the monomer value from Gcomplex obtained for the dimer. Thus, values of 1.91 kcal mol 1 and 0.91 kcal mol 1 are obtained for the simulations with Glh74 with Glh131 protonated, respectively. Thus, sodium counterions favor dimerization in both cases compared to potassium. This situation is analogous to that found for polycarboxylate micelles.
11 Table 2 . Relative complexation free energies of sodium and potassium ions, in the system with protein and water ("bound") and in water only ("free"), according to simulations. These indicate a preference for Li + and Na + over K + when binding to carboxylates, which has also been observed for proteins and model peptides in previous studies, e.g. by
Jungwirth and co-workers, 3, [75] [76] [77] [78] [79] Cremer and co-workers 80 and by ourselves for polyanionic micelles. 11, 58, 59 This order is even maintained if solvent-shared ion pairs, rather than contact ion pairs, are formed preferably. 81 Chloride anions are not significantly enriched near positively charged residues (Lys, Arg), as also found by Jungwirth and co-workers. [82] [83] [84] While these findings are per se not new, the system used in our study offers an opportunity to investigate ion effects on different mechanisms of protein dimerization. The thermodynamic integration part of our study is, to our knowledge, the first application of this kind to study electrolyte effects on protein dimerization.
Changes in SFG-intensity are accompanied by a change in spectral shape and an increase in thickness of the BLG surface layer that occurs at similar ionic strength. We relate this to changes in net orientation of either interfacial water or BLG molecules (for a detailed discussion, see 
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The observed changes in SFG vibrational spectra are more pronounced for LiCl than for NaCl and KCl, which is consistent with the MD simulations of BLG proteins in bulk solution. Here, ion pairing between alkali-metal cations and carboxylate anions at the protein surface can stabilize BLG dimers. The ion-pair and ion-multiplet formation indicated by the MD simulations necessarily leads to changes of the BLG net charge. Since the probability of the formation of ion pairs or triplets with Asp or Glu carboxylates ( Figure 5 ) increases in the order K + < Na
is not surprising that the decrease in O-H intensity and the relative change in phase with an increase in salt concentration is more pronounced for LiCl. In fact, we only observe first a dramatic decrease in O-H intensity that is followed by a weak but noticeable recovery of the O-H intensity at 2 M LiCl concentration (Figure 3a ). This increase in intensity could be related to charge reversal and subsequent overcharging of BLG due to the comparatively high propensity of Li + to form ion-ion complexes at the BLG surface, as observed in the molecular dynamics simulations (see Results section). These findings are in good agreement with previous work by Jungwirth and co-workers, who studied charge compensation and overcharging of tetra-aspartate by coordination with mono-, bi-and trivalent cations. 76 Aggregation and surface adsorption of -lactoglobulin is a complex phenomenon that depends on several variables. Solution pH determines the specific protonation pattern on the protein surface, which itself has a pronounced effect on protein-protein interaction in the absence of bridging metal cations, e.g. by interacting Lys-ammonium groups and Asp/Glu-carboxylates. Due to the requirements of the MD methodology, this protonation pattern was kept fixed in the current study. Future studies might involve constant pH MD simulations 85, 86 that alter the protonation pattern dynamically, or thermodynamic integration between protonation states that allows a more realistic assignment of protonation states. A major influence of pH on BLG dimerization is given by the pH dependent conformation of loop EF, which is commonly reported to be open for pH values > 7 and closed for pH < 7. These two conformations were treated as independent simulations in the present study and it was found that the loop conformation does indeed have an influence on the "loop interface" dimer as it acts as an additional anchor between the monomers.
Metal coordination of carboxylates allows a bridging interaction between Asp/Glu residues, both within one monomer and between two monomers. The MD simulations of different dimers have shown that only the "loop interface" dimer is sensitive to the kind of ions present in solution so that we conclude that only this dimer is determined by bridging metal coordination. Our thermodynamic integration study confirms the thermodynamic effect of the increased ability of Na + to bridge between carboxylates and hence, between monomers compared to K + .
The MD simulations indicate that, in addition to net charge effects of the whole protein, the local complexation of individual carboxylates contributes to the effects seen in SFG spectroscopy. This probably occurs by changing the binding geometries of coordinated water molecules and thus reversing the local electric field that acts on a given water molecule when a coordinating COO -is replaced by M + (see Supporting Information Figure S13 for an illustration). Thus, we can now enhance the simple concept of charge compensation/overcharging by a more detailed atomistic picture.
Generally, hydrophobic patches are frequently found to be important for protein dimerization.
However, the surface amino-acid pattern of BLG means that this effect only plays a major role for the dimer connected by the "dimer interface", where -strands of the two monomers interact with each other ("cross-beta interaction"), and, additionally, an area of higher hydrophobicity is found in the contact surface (Supporting Information Figures S6-S7) . Additionally, one of the protein surface patches involved in the formation of the "lock-and-key" interface shows a slightly enhanced hydrophobicity ( Figures S4-S5 in the Supporting Information).
White and co-workers used X-Ray and neutron reflectometry to study BLG at the air-water interface, both with and without denaturant. 70 For the system without denaturant, they observed monomer adsorption. They argued that the protein surface that forms the interface for dimerization is largely hydrophobic, and we assign this surface to be the one involved in the formation of the "dimer interface". Therefore, it is likely that the monomer adsorbs preferentially to the air-water interface with this more hydrophobic patch towards the interface. 70 Supporting Information Figure   S53 shows four monomers of BLG as they are oriented in the crystal, and the possible protein-protein interfaces relative to each other. We can speculate that, if the more hydrophobic "dimer interface" is preferentially located at the air-water interface, the contacts in the first BLG monolayer are determined by the "loop interface" and the "lock-and-key interface", whereas a second layer of BLG monomers can be bridged with the first one via "dimer interfaces".
Conclusions and Outlook
We have begun constructing a detailed atomic model of protein aggregation that goes further than simple pictures such as the aggregation via hydrophobic patches or the dominant influence of the effective total charge of the protein monomers. Adsorption at the air-water interface could not be reproduced in preliminary atomistic and coarse-grain simulations, so that we have concentrated on protein aggregation in bulk solution. The results of these simulations are consistent with both SFG and ellipsometry experiments.
Our work also suggests either that the coarse-grained model employed cannot reproduce the surface aggregation process of BLG or that the time scale of this process exceeds that of the fivemicrosecond simulation reported here. Future studies of the fine structure of water, electrolyte and large protein aggregates at the air-water interface will thus require very long simulations and/or atomistic force fields, despite the higher computational effort. Furthermore, our method of postprocessing classical MD ensembles with all-QM 87 or QM/MM techniques 21, 23 can be used to calculate hyperpolarizabilities, 88, 89 which will allow a direct comparison with experimental results from second-order spectroscopy.
The present study shows that molecular simulations can most valuably complement experimental studies, as they allow a direct view on an atomistic scale, which is in many cases inaccessible by experiments. Erlangen for computing facilities. We also wish to thank Christof Jäger for analysis scripts from his previous work (ion residence times).
